Reverse genetics was used to analyze the host range of two avian influenza viruses which differ in their ability to replicate in mouse and human cells in culture. Engineered viruses carrying sequences encoding amino acids 362 to 581 of PB2 from a host range variant productively infect mouse and human cells.
Influenza A viruses are important pathogens of humans, but their predominant hosts are birds. Since their genomes are comprised of segmented RNA, the viruses have the ability to reassort genes with influenza viruses from other species, resulting in the emergence of new pandemics. Both the 1957 Asian (H2N2) and 1968 Hong Kong (HK/68) (H3N2) pandemics originated by reassortment; in 1957, the pandemic virus acquired three genes (PB1, HA, and NA) from the avian influenza virus gene pool and retained five other genes from a circulating human strain (16) , and in 1968 the Hong Kong pandemic virus acquired two genes (PB1 and HA) from the duck reservoir by reassortment and kept six genes from the human virus. In addition, viruses residing in birds may acquire mutations which might allow them to directly infect humans. This may explain how the H5N1 influenza viruses in Hong Kong in 1997 infected 18 humans and caused the deaths of six people (6, 31) .
The HA gene is thought to be a determinant of host range because of its role in host cell recognition and attachment. Avian influenza viruses bind preferentially to terminal sialic acid (SA) ␣2,3-galactosyl sugars, whereas human strains preferentially bind to terminal SA ␣2,6-galactose sequences (5, 10, 21) . However, the Hong Kong-origin H5N1 viruses isolated from humans show receptor-binding properties that are typical of avian but not human viruses (22) and yet they were still able to replicate and cause disease and death in humans, although there was no evidence for transmission from infected individuals. These observations indicate that receptor specificity is not the sole factor determining host range and also that an intermediate host (15, 19, 28) is not necessarily required for the first stage of transmission from birds to humans.
Previous work has established a role for the viral protein PB2 in determining influenza virus host range in tissue culture. PB2 is a component of the RNA polymerase, along with two other viral proteins, PB1 and PA. Within PB2, residue 627 is always glutamate in avian isolates but lysine in viruses from humans. Altering residue 627 alone changed the host range of an avian PB2 single-gene reassortant so that it replicated in mammalian cells (30) . Recently, HK/97 H5N1 viruses carried several mutations in internal proteins (including variation at PB2 residue 627) which allowed them to infect humans. Different human isolates produced clear differences in pathogenicity when inoculated into mice (12) , but variation at PB2 residue 627 did not correlate with mouse pathogenicity. This suggests that other amino acids within the PB2 protein may be important for determining host range (13) . Other H5 isolates (7) also differ in mouse pathogenicity, but the gene(s) responsible for the different phenotypes has not been identified.
Here, two avian H7 influenza viruses, Rostock (H7N1) and Dobson (H7N7), which vary in their replication in mouse and human cells, have been studied as a model for the genetic basis of influenza virus host range. Both of the avian influenza A virus strains Rostock (clone S3) and the parental Dobson clone form clear plaques on chicken embryo fibroblasts (CEF), but it has been reported that only fowl plague virus (FPV) Dobson forms plaques on mammalian BHK cells (1) . Following multiple passages of the Dobson virus through mammalian cells, a host range mutant known as Dobson 4H was isolated which forms plaques in mouse L cells. Previous work with reassortant viruses showed that the extended host range was conferred by segment 1 RNA which encodes PB2 (1, 2, 20) .
All experiments with influenza virus strains A/FPV/Dobson/27 (H7N7) (Dobson), A/FPV/Dobson-4H/27 (H7N7) (Dobson 4H), and A/FPV/Rostock-S3 (H7N1) (Rostock S3) were done in an approved category 4 high-containment laboratory at the Institute for Animal Health.
To examine differences in the amino acid sequence of PB2 of each virus, viral RNA was isolated from the allantoic fluid from infected eggs (3), and cDNA was prepared by reverse transcription (RT)-PCR, cloned, and sequenced. The PB2 protein of Dobson 4H differs from that of Dobson by 6 amino acids and from that of Rostock S3 by 23 residues (Table 1) . Residue 627, previously identified as a determinant of host range (30) , was conserved among Rostock, Dobson, and Dobson 4H PB2s; all show the amino acid Glu at this position, typical of avian virus. This observation shows that the host range phenotype of Dobson 4H is conferred by a different locus within the PB2 gene from that previously reported.
We compared our Rostock sequence with the two previously published sequences (23, 27) . We found that our stock of Rostock clone S3 differed at 4 nucleotides from that of sequences reported by Roditi and Roberston (27) , resulting in two coding changes, E203V and M402I. In addition, our Rostock cDNA differs from that of van der Werf and coworkers (23) at 8 nucleotides, resulting in five coding changes (M64I, T116K, I402M, I512L, and T570I). These differences are likely to reflect the different passage history of the viruses and may explain the lower level of replication of model RNAs by our Rostock PB2 clone in Vero cells (Fig. 1) in comparison with that reported by Naffakh et al. in COS-1 cells (23) .
The three polymerase proteins (PB1, PB2, and PA) and the nucleoprotein (NP) can transcribe and replicate an influenza virus-like RNA (vRNA) molecule (26) . To assess the level of replication supported by different avian PB2 genes in a mammalian cell environment, we inserted the PB2 genes of Rostock and Dobson 4H viruses into the mammalian expression vector pcDNA3. Plasmids pGT-h-NP, pGT-h-PA, and pGT-h-PB1 (2, 1, and 1 g, respectively), derived from A/PR8/34 and A/WSN/33 (8, 26) , and pHMG-FPV-NP, pHMG-FPV-PA, and pHMG-FPV-PB1 (2, 1, and 1 g, respectively), derived from A/FPV/ Rostock/34 (23), were transfected along with 2 g of pPolI-CAT-RT and 1 g of either pGT-h-PB2, pcDNA3-Dobson 4H PB2, or pcDNA3-Rostock PB2 into 10 6 Vero cells in suspension using DOTAP (Boehringer, Mannheim, Germany). Fortyeight hours posttransfection the cells were tested for the expression of chloramphenicol acetyltransferase (CAT) by enzyme-linked immunosorbent assay (ELISA; Roche Molecular Biochemicals) or enzyme assay (25) .
Similar levels of CAT were obtained with the Dobson 4H PB2 (Fig. 1a , lane 2) and the human PR8 PB2 (lane 1). This indicates that this avian PB2 protein is compatible with human components of the polymerase complex in Vero cells. On the other hand, substituting Rostock PB2 in this mammalian system gave a very low signal (Fig. 1a, lane 8 ). This confirms observations made in COS-1 cells that the Rostock PB2 is incompatible with the other human polymerase components (23) . In addition, the inability of Rostock PB2 to function well in this system may reflect a defect in the activity of this protein FIG. 1. CAT expression levels supported by different PB2 genes measured in a cell-based replication assay. Vero cells were transfected using DOTAP with plasmids directing expression of the PB2 gene along with either pGT-h-NP, derived from A/PR8/34, and pGT-h-PA or pGT-h-PB1, derived from A/WSN/33 (8) (a), or pHMG-FPV-NP, pHMG-FPV-PA, or pHMG-FPV-PB1, derived from A/FPV/Rostock/34 (23) (b), and pPolI-CAT-RT (26) . At 48 h posttransfection, cell extracts were prepared and tested for CAT levels using previously described methods (25) (a) or a CAT ELISA kit (b). 
a Changes unique to Dobson 4H, which can form plaques in mouse L cells, are marked in bold.
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NOTES 5411 in a mammalian cell environment. Indeed, similar results were obtained when the different PB2s were expressed in combination with avian influenza A virus A/FPV/Rostock/34 PB1 and PA polymerase proteins and NP (Fig. 1b) . Dobson 4H PB2 and PR8 PB2 gave rise to high expression of the influenza virus reporter, whereas the expression from our Rostock PB2 was much lower. We also tested the expression of the model RNA driven by the Rostock PB2 gene obtained from van der Werf (23). This PB2 gene gave an intermediate level of replication in Vero cells (data not shown), suggesting that some of the sequence differences between the two Rostock isolates may influence their ability to function in a mammalian cell. A series of chimeric PB2 cDNAs were constructed in order to map sequence differences between Rostock S3 PB2 and Dobson 4H required for the PB2 protein to complement the other polymerase components and direct replication of a vRNA in Vero cells (Fig. 2) . These chimeras had (i) the entire carboxyl region of Rostock S3 from amino acids 362 to 759 exchanged for that of Dobson 4H (RD1), (ii) amino acids 582 to 759 exchanged (RD2); (iii) a central region from amino acids 362 to 581 exchanged (RDR); (iv and v) additional single coding changes resulting in Ile being changed to Met at residue 647 (nucleotide 1968) or Asp changed to Asn at residue 701 (nucleotide 2128) within the RDR chimera (RDR1968 and RDR2128, respectively).
The results showed that insertion of sequence from Dobson 4H PB2 into Rostock PB2 enhanced replication in Vero cells. Thus, when the chimeric PB2s RD1, RDR, RDR1968, and RDR2128 were expressed in the system, significant levels of CAT activity were obtained (Fig. 1a, lanes 3, 5, 6, and 7) , although the signal was lower than that for PR8 PB2 or the complete Dobson 4H PB2 (lanes 1 and 2) . On the other hand, chimera RD2 gave rise to replication barely higher than Rostock (Fig. 1a, lanes 4 and 8) . Similar results were obtained in parallel experiments in which chimeric PB2s were analyzed with A/FPV/Rostock/34 polymerase proteins and NP to replicate the CAT vRNA-like substrate (Fig. 1b) . From these results, it would appear that the region between amino acids 362 and 581 contains key amino acid substitutions to promote replication in this system and that single amino acid changes at residues 647 and 701 also contribute to the phenotype.
We next attempted to generate viruses in which RNA segment 1 derives from either the PB2 gene of Dobson 4H or chimeras of sequences from Dobson 4H and Rostock PB2 in order to establish which regions of PB2 might be responsible for productive infection in human and mouse cells. To this end, cDNAs for wild-type Dobson 4H PB2 and the five chimeric PB2s of Rostock and Dobson 4H were cloned into a pPollRibozyme cassette vector (26) by PCR amplification from the pUC19-PB2 plasmids. Additionally, as a genetic marker to monitor rescued transfectant virus, a silent mutation at nucleotide 1779 (A3G), which destroys the KpnI site, was introduced to produce plasmids encoding tagged Dobson 4H PB2.
Vero cells were transfected with pGT-h-NP, pGT-h-PA, pGT-h-PB1, and pGT-h-PB2 (2, 1, 1, and 1 g, respectively) and 2 g of either pPolI-Dobson 4H PB2, pPolI-tagged Dobson 4H PB2, pPolI-RD1 PB2, pPolI-RD2 PB2, pPolI-RDR PB2, pPolI-RDR1968, or pPolI-RDR2128, as before. After 36 h, the cells were infected with A/FPV/Rostock/34 at a multiplicity of infection (MOI) of 1. Twenty-four hours postinfection, the medium from the transfected-infected cells was transferred into flasks of L cells for amplification for 3 days, followed by plaquing on L cell monolayers. Individual plaques were picked and amplified in eggs, and RNA was extracted for segment 1-specific RT-PCR. To verify the identity of rescued transfectant viruses T-WT PB2, T-Tagged PB2, and T-RD1 PB2, RT-PCR products were analyzed by digestion with HgaI, a signature of a Rostock PB2 gene. KpnI cleavage confirmed that the PB2 gene was derived from the transfected cDNA. To verify the identity of rescued transfectant viruses T-RDR, T-RDR1968, and T-RDR2128, RT-PCR products were analyzed by digestion with restriction enzymes BamHI (present in Dobson 4H PB2 coding sequence) and EcoRI (present twice in Rostock S3 PB2 coding sequence but only once in Dobson 4H PB2). All PCR products were also sequenced directly to confirm the mutations introduced.
Virus plaques were always obtained following transfection with wild-type Dobson 4H PB2 gene, tagged Dobson 4H PB2 gene, the chimeric RD1 gene, and RDR2128. A low number of plaques were obtained from the RDR and RDR1968 transfections. Plaques were never obtained following transfection of cDNA for RD2 despite its ability to support replication in the FIG. 2. PB2 gene constructs to identify the sequences which control host range. A genetic tag was generated by introducing a single silent mutation into the cDNA of Dobson 4H PB2. A single A-to-G substitution at position 1779 resulted in the destruction of a KpnI restriction enzyme site. To construct chimeric RD1 PB2, the 398 residues in the carboxyl region of Dobson 4H PB2 from amino acid 362 (corresponding to nucleotide 1111) were fused to the N terminus of Rostock PB2. In the second chimera, RD2, the exchanged region contains the carboxyl-terminal 178 amino acids of Dobson 4H fused to Rostock sequences. In the third chimera, RDR, only the region encompassing amino acids 362 to 581 (corresponding to nucleotides 1111 to 1772) of Dobson 4H has been exchanged into Rostock. The chimeras RDR1968 and RDR2128 were constructed by introducing single coding changes at residue 647 (nucleotide 1968) or residue 701 (nucleotide 2128) into RDR PB2.
plasmid-based replication assay. All the transfectant viruses formed plaques on both mouse L cells and human A549 cells.
These results demonstrate that the abortive infection of an avian influenza virus in mouse and human cells is overcome by transfectant viruses with PB2 genes derived from a mammalian cell-adapted strain of Dobson 4H. The rescue of transfectant virus RDR also confirms that the region between amino acids 362 and 581 of Dobson 4H PB2 enables virus replication in mouse cells. We can speculate that this region of PB2 interacts with a host cell component which varies between avian and mammalian cells. Within this region there are nine amino acid substitutions between Rostock PB2 and Dobson 4H PB2, but only one of these, at position 482, is unique to the 4H variant, with the ability to replicate in mouse L cells, and not found in the parental virus Dobson. However, it is unlikely that a single amino acid substitution in Rostock is sufficient to confer L-cell tropism, since mutants of Rostock S3 that replicate in mouse cells are not readily isolated, suggesting that R482 may act in concert with other residues.
Previous studies have indicated that amino acid residues proximal to the carboxyl terminus of PB2 play a role in host range. Subbarao and coworkers showed that viruses possessing a lysine instead of glutamate at amino acid residue 627 in PB2 were able to replicate in MDCK cells (30) , and Penn showed that a mutation at amino acid residue 645 correlated with host range phenotype in MDCK cells (24) . In this work we considered the possibility that amino acid substitutions in this region might contribute to virus replication in mouse cells. From a comparison of the amino acid sequences of PB2, two residues at 647 and 701 correlated with the ability of Dobson 4H to replicate in mouse L cells. These substitutions were reconstructed into the chimeric PB2 protein RDR, and the level of replication of a vRNA supported by these proteins was higher than for RDR. In addition, transfectant virus RDR2128 was recovered more readily, indicating that it may replicate more efficiently than RDR in mouse L cells. The ability to recover viruses correlated well with the competence of the PB2 sequences at supporting replication of a model RNA (Fig. 1) . Perhaps this simple in vitro assay may be a useful indicator to predict whether mutations in avian polymerase proteins could contribute to an expanded host range.
It is interesting that the PB2 genes from the HK/97 H5 viruses which were able to replicate in humans and in mice contained changes in PB2 at residues 199, 627, 661, and 667 (13) and that a substitution of lysine to glutamine at residue 355 also correlated with high mouse pathogenicity (15a). Whether any of these contributed to the mammalian growth phenotype of the HK viruses is not known but could be tested using an approach similar to that described here.
The abortive replication of FPV Rostock in mouse L cells has been widely studied: replication and transcription of some segments, in particular segment 7, which encodes both M1 and M2 polypeptides, are altered in infected L cells (4, 14, 17, 18, 29) , and additionally, the ribonucleoprotein failed to migrate from the nucleus of infected L cells (9, 11, 20) .
To determine the amount of M1 synthesized during productive and abortive infections, CEF cells or L cells were infected with Dobson 4H, Rostock S3, or transfectant viruses. At 2, 4, 6, and 8 h postinfection cell lysates were prepared and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. The accumulation of M1 was followed using a mouse anti-influenza A virus matrix protein monoclonal antibody (Harlan SeraLab) and visualized using enhanced chemiluminescence (ECL) detection (Amersham). Similar amounts of M1 were synthesized in CEF cells infected with Dobson 4H or Rostock S3 (Fig. 3a) . However, L cells infected with Rostock made only small amounts of M1 (Fig. 3b) . In L cells infected with the rescued transfectant viruses that differ from the Rostock parent only in the origin of their PB2 genes, much more M1 accumulated than in cells infected with Rostock: by 8 h, M1 levels from these infections were similar to those produced by Dobson 4H itself (Fig. 3b) . This was also seen from the synthesis of [ 35 S]methionine-labeled polypeptides in cells infected by the different viruses, which revealed that production of M1 protein by Rostock virus infection of L cells was low but production of other viral proteins showed no obvious difference (data not shown).
To analyze the consequence of altering the PB2 gene on vRNP trafficking, the expression of NP in cells was examined by confocal microscopy. L cells were infected with Dobson 4H, Rostock S3, or transfectant viruses. At 2, 4, 6, and 8 h postinfection, cells were processed for immunofluorescence analysis by fixation with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at room temperature and then permeabilized with 0.2% Triton X-100-PBS. Cells were stained with mouse anti-influenza A virus nucleoprotein monoclonal antibody (Harlan-SeraLab) and fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin. Fluorescence was viewed with a Zeiss confocal microscope.
When L cells were infected at a high MOI (Fig. 4) , NP was almost exclusively localized to the nucleus in all infected cells at 4 h postinfection. At 6 h or later, NP was present in both the 
